This study explores the influence of severe lactic acidosis in the ischemic rat brain on postischemic recovery of the tissue energy state and neurophysiological parameters. Severe incomplete brain ischemia (cerebral blood flow below 5% of normal) was induced by bilateral carotid artery clamp ing combined with hypovolemic hypotension. We varied the production of lactate in the tissue by manipulating the blood glucose concentrations. A 30min period of incomplete ischemia induced in food-deprived animals caused lactate to accumulate to 15-16 f,tmol g�l in cortical tissue. Upon recirculation these animals showed: (1) a considerable recovery of the cortical energy state as evaluated from the tissue concentrations of phosphocreatine, ATP, ADP, and AMP; and (2) return of spontaneous electrocortical activity as well as of somatosensory evoked response (SER). In contrast, administration of glucose to food-deprived animals prior to ischemia caused an increase in tissue lactate concentration to about 35 f,tmol g�l. These animals did not recover energy balance in the tissue and neurophysiological functions did not return. In other experiments the production of lactate during 30 min of complete compression ischemia was increased from about 12 f,tmol g�l (normoglycemic animals) to 20-30 f,tmol g�l by preischemic hyperglycemia and. in separate animals, com bined hypercapnia. The recovery of the cortical energy state upon recirculation was significantly poorer in hyperglycemic animals. It is concluded that a high degree of tissue lactic acidosis during brain ischemia impairs postischemic recovery and that different degrees of tissue lactic acidosis may explain why severe incomplete ischemia, in certain experimental models, is more deleteri ous than complete brain ischemia.
the development of irreversible ischemic brain cell damage. The great vulnerability of the brain to isch emia has often been attributed to the fact that the tissue contains slender stores of high-energy me tabolites, and thus is highly dependent on a con tinuous and adequate delivery of oxygen and sub strates for energy production (for literature, see .
Even if energy failure is a common denominator in a ll types of brain ischemia, it cannot alone explain the development of irreversible tissue damage. Thus, experimental studies have shown that com-plete brain ischemia, even if prolonged, can be fol lowed by considerable recovery of tissue energy state (Hossmann and Kleihues, 1973; Kleihues et aI. , 1974; Nordstrom et aI., 1978a) , mitochondrial respiratory function (Schutz et aI., 1973; Ginsberg et aI. , 1977; Rehncrona et aI. , 1979b) , and neuro physiological parameters (Hossmann and Sato, 1970; Hossmann and Kleihues, 1973) , as well as of neurological function (Neely and Youmans, 1963; Miller and Myers, 1970) . These results contrast with those showing that similar or shorter periods of hypoxia combined with unilateral carotid artery oc clusion (Salford et aI. , 1973; Levy et aI. , 1975) and similar periods of severe incomplete ischemia (Hossmann and Kleihues, 1973; Garcia et aI. , 1977; Nordstrom et aI., 1978b; Rehncrona et aI. , 1979a) are less well tolerated. When all these results are considered, it seems clear that the degree of damage is not always proportional to the degree of tissue oxygen deficiency.
A remaining but inadequate circulation during ischemia, i.e. , severe incomplete ischemia, may be deleterious in several ways. Firstly, blood stagnat ing in the vessels may impair the reestablishment of circulation (Ames et aI., 1968) . However, such a "no-reflow" phenomenon cannot explain tissue damage in all the experimental models quoted (Levy et aI., 1975; Nordstrom and Rehncrona, 1977; Rehncrona et aI., 1979b) . Secondly, free radical mechanisms leading to peroxidative degradation of cellular constituents have been thought to cause tis sue damage in complete ischemia (Demopoulos et aI., 1977a,b; Flamm et aI. , 1978; Nordstrom et aI. , 1978b) . However, studies of the glutathione redox couple and of brain fatty acids and phospholipids failed to support this hypothesis (Rehncrona et aI. , 1980a (Rehncrona et aI. , , 1981 . Thirdly, a residual blood flow supplies the tissue with substrate for anaerobic glycolysis. As a result, there is a progressive accumulation of lac tate which can reach excessive levels (Nordstrom and Siesjo, 1978 ; see also EklOf and Siesjo , 1972) . The situation is analogous to that observed in se vere arterial hypoxia combined with unilateral ca rotid artery ligation (Salford and Siesjo, 1974) but different from that during complete ischemia, in which the lactic acidosis is limited by the preisch emic stores of glucose and glycogen (Ljunggren et aI., 1974a,b) . Since studies in vitro (Friede and Van Houten, 1961) and in vivo (Myers and Yamaguchi, 1976, 1977; Myers, 1979) indicate a deleterious ef fect of excessive tissue lactic acidosis, this factor J Cereb Blood Flow Metabol. Vol. I, No. 3, 1981 could explain variations in outcome between differ ent types of brain ischemia. If so, it could be ex pected that damage during severe incomplete isch emia would be ameliorated if production of lactate were restricted and that complete ischemia would affect the brain more severely if the preischemic tissue levels of substrates were increased.
The present study explores the possibility that the degree to which lactate accumulates in the tissue during ischemia is a factor of importance for post ischemic recovery. In order to vary tissue lactate production during prolonged severe incomplete ischemia, we used fasted animals and manipulated their blood glucose concentrations. We estimated postischemic recovery by measuring labile tissue metabolites ("cerebral energy state") by recording EEG and somatosensory evoked responses and by microscopy. In additional experiments we studied recovery of the tissue energy state following com plete ischemia. In these, the cellular acidosis during ischemia was exaggerated by preloading the animals with glucose and (in separate experiments) by in creasing the CO2 tension as well. In this article, we will describe changes in biochemical and neuro physiological variables while a following article (see part 2, Kalimo et aI. , 1981) is concerned with his topathological alterations. A preliminary report on some of the present results has been published (Rehncrona et aI. , 1980b) .
METHODS

Animals, Operative Techniques, and
Experimental Models
Male Wistar rats of an SPF strain, weighing 350-400 g, were initially anesthetized with 2.5% halothane, tracheotomized, and connected to a Starling-type respirator. They were paralyzed with tubocurarine chloride (0. 5 mg kg-i) given intrave nously. Anesthesia was maintained with 0.6% halothane in 70% nitrous oxide and 30% O2 during operations. Polyethylene catheters were inserted in the femoral arteries and one femoral vein for con tinuous blood pressure recording, blood sampling, and infusions. A midline incision was made to fit a plastic funnel for freezing the brain in situ at the end of the experiment. In animals to be subjected to incomplete ischemia, the carotid arteries were carefully dissected. In animals to be subjected to complete ischemia, the atlanto-occipital membrane was dissected free from the overlying muscles. After the operative preparation, halothane was dis continued and the animals were ventilated with N20 + O2 (approximately 75:25) for the rest of the ex periment. After discontinuation of halothane, a 30-min period elapsed before the experiment was started. All animals were given 100 IV of heparin to prevent blood from clotting in the catheters. The body temperature was continuously monitored with a rectal thermometer and kept close to 37°C by ex ternal heating. The brain temperature was pre vented from falling by a heating bulb placed at a predetermined distance from the head.
Incomplete Ischemia
Severe incomplete brain ischemia was induced by clamping the carotid arteries and reducing the mean arterial blood pressure (MABP) to 50 mm Hg (Nordstrom and Siesjo, 1978; Nordstrom et aI. , 1978b) . During the ischemic period, MABP was kept constant at 50 mm Hg by means of an auto matically controlled syringe connected to one fem oral artery and one vein for withdrawal or reinfusion of blood. The syringe was kept in a waterbath at 37°C for adequate control of the blood temperature. Recirculation was obtained by removal of the arte rial clamps and normalization of the blood pressure by reinfusion. In order to prevent blood pH from falling below 7.0 due to the hypovolemic hypoten sion, a solution of sodium bicarbonate (0.6 mol 1-1 ) was given intermittently (total amount, 0.5 -1.0 ml per animal).
In a first series of experiments, reversible incom plete ischemia was induced in normally fed animals. In the main part of the study, ischemic production of lactate in the brain tissue was varied by using animals deprived of food (but not of water) for 16-24 h prior to the experiment. These animals were divided into 3 groups: (a) fasted animals given an infusion (i. v.) of 2 ml Krebs-Hensleit solution (glucose-free) during 15 min before induction of ischemia; (b) fasted animals given an infusion (i.v.) of 2 ml of a 50% glucose solution during 15 min before induction of ischemia; and (c) fasted animals given an infusion (i. v.) of 2 ml of 50% glucose solu tion during the first 10 min of recirculation.
Complete "Compression" Ischemia
Reversible complete brain ischemia was induced with a method similar to that described by Neely and Youmans (1963) as modified by Ljunggren et ai. (l974b) and Nordstrom et ai. (l978a) . A double barrelled needle was inserted into the cisterna magna and the intracranial pressure (ICP) was in creased by infusion of an artificial cerebrospinal fluid (CSF). The ICP was kept at 40 mm Hg above the systolic blood pressure during the ischemic pe riod (30 min). Thereafter, normal cerebral perfusion pressure was restored by discontinuing the infusion of CSF.
In animals subjected to complete ischemia, we varied the ischemic accumulation of lactate in the tissue in two ways. In one group, the animals were given an injection of 3 ml of a 50% glucose solution intraperitoneally 1 h before induction of ischemia. In another group, fasted animals were treated with 2 ml of the same glucose solution intravenously during 15 min at normal (PaC02 35-40 mm Hg) or increased (Paco2 100-120 mm Hg) arterial carbon dioxide tensions. Hypercapnia was achieved by ventilating the animals with about 15% CO2 in N20 + O2 (60:25) and was immediately discontinued as soon as complete ischemia had been induced.
Controls
Nonischemic control animals were prepared sur gically in the same way as the experimental ones. Both fasted animals with and withol�t glucose infu sions, as well as normally fed animals were used. Control animals were kept artificially ventilated for time periods similar to the experimental periods of the different ischemic and postischemic groups. Extractions and analysis of tissue (and blood) me tabolites were performed on samples from experi mental animals together with their appropriate con trols.
Sampling and Analytical Techniques
Arterial blood was sampled anaerobically in glass capillaries for blood gas determinations. P a02, Paco2, and pH were measured with microelectrodes (Eschweiler and Co., Kiel, and Radiometer, Copenhagen) operated at 37°C with due corrections for the body temperature. The erythrocyte volume fraction was measured using a routine microcapil lary centrifuge.
Analysis of whole blood concentrations of glu cose, lactate, and ketone bodies was performed after sampling of arterial blood directly into liquid nitrogen.
The brains were frozen in situ (Ponten et al., 1973) and then chiselled out during irrigation with liquid nitrogen. The brains were stored at -80°C until extraction. About 50 mg of the frontoparietal cortex was dissected at -22°C and extracted with HCI-methanol (-22°C). Concentrations of glucose, glycogen, lactate, pyruvate, phosphocreatine (PCr) , ATP, ADP, and AMP were determined with the specific enzymatic, fluorometric methods of Lowry and Passonneau (1972) as described by Folbergrova et al. (1972a, b) . Ketone bodies in whole blood were determined with a fluorometric modification of the methods described by Mellanby and Williamson (1974) and Williamson and Mellanby (1974) .
Neurophysiological Techniques
The EEG was continuously recorded from 2 pairs of gold-plated copper bolts inserted into the skull with the tips in extradural position. The active lead of the electrode pair was placed over the parietal surface of each hemisphere with the reference lead in a prefrontal position.
The EEG amplitude was continuously quantified by a cerebral function monitor (CFM, Devices Limited) on a semilogarithmic scale and on a slow time base after filtering frequencies outside the 2-to 16-Hz range (Prior, 1979) . Values of EEG ampli tudes presented in Table 6 were read from the CFM record.
Sensory evoked responses to electrical stimula tion (stimulus parameters 4 rnA, 0. 2 ms, single shocks or trains of 10 at 500 Hz) of the nose area through subcutaneously placed needle electrodes were recorded from the same extradurally placed electrodes (frequency range of recording, 0.5 Hz-l kHz) and displayed after averaging of 64 individual traces on an Elema Mingograph together with the EEG records. For single-shock stimulation the analysis time was 50 ms and for repetitive stimula tion, 1 sec.
Additional Techniques
CBF
In order to establish the degree of CBF reduction in the frontoparietal cortex, we also measured the The results were statistically evaluated with Stu dent's [-test or, if values did not seem to follow a normal distribution, with Wilcoxon's rank-sum test.
RESULTS
Severe Incomplete Ischemia
Normally Fed Animals
Previous results from this laboratory showed that whereas a 30-min period of complete cerebral isch emia was followed by extensive recovery of cere bral energy state, a similar period of severe, incom plete ischemia gave rise to persisting deterioration of brain metabolism (see introductory remarks). When exploring possible causes of this paradox, we unexpectedly found a marked variability in recov ery following 30 min of incomplete ischemia. On analysis, this variability seemed related to the blood glucose concentrations during ischemia. Table 1 , giving cortical concentrations of high energy phosphate compounds and the calculated EC at 90 min of recirculation, illustrates the vari ability in metabolic recovery. One animal (no. 1) showed signs of returning electrocortical activity (after about 60 min of recirculation). The EEG of this animal was characterized by a low-amplitude, slow-wave pattern with sharp waves (about 4/min). The preischemic blood glucose concentrations in the 6 animals ranged between 8 and 13 /-Lmol ml-1. During ischemia the blood glucose concentrations increased to different levels (Table 1) . As can be seen, the recovery of tissue energy state correlated to the blood glucose concentration during ischemia. Thus, a poor recovery seemed related to hyper glycemia.
This observation encouraged us to study recov ery after severe incomplete ischemia when blood glucose concentrations were deliberately varied. The cortical concentrations of PCr and ATP, and the sum of adenine nucleotides (2:Ad) are given in /Lmol g-l .
Food-Deprived Animals With and Without
Glucose Administration
Physiological Variables, Blood Concentrations of Glucose, Lactate, and Ketone Bodies
Three groups of animals were used: fasted animals infused with Krebs-Hensleit solution, fasted animals infused with glucose, and fasted animals given glucose during the postischemic pe riod. Table 2 gives the body temperature, MABP, arterial blood gas values, and erythrocyte volume fraction in the three experimental groups, as well as in the pooled control groups. There were no consis tent differences in any of the parameters between the experimental groups.
When the animals were deprived of food for 16-24 h, a moderate decrease in blood glucose con centration occurred (from 8. 3 ± 0.7 to 6.0 ± 0.5 JLmol ml-I, means ± SEM of 6 and 8 animals, re spectively). Figure I shows the blood glucose con centrations in fasted animals with and without glu cose pretreatment during, as well as following, ischemia. The blood glucose concentrations were subnormal during ischemia in animals not pre treated with glucose but tended to normalize during recirculation. Glucose pretreatment markedly ele vated the blood glucose concentration (25 -35 JLmol ml-l) during ischemia, and these animals remained hyperglycemic during the recirculation period.
As shown in Fig. 2 , there was a considerable in crease in blood lactate during ischemia (to about 13-15 JLmol ml-l), probably an effect of the induced hypovolemic hypotension. However, the increases were of similar magnitude in saline-and glucose infused rats. When blood pressure was normalized during the recirculation period, the increase in blood lactate concentrations was reversed. The in crease in blood lactate explains the systemic meta bolic acidosis (see Table 1 ) observed in this model of incomplete ischemia.
Blood concentrations of ketone bodies increase during fasting (e.g., Owen et aI., 1967; Ruderman et aI., 1974) . Figure 3 shows that blood concentrations of both �-hydroxybutyrate (�-OHB) and acetoace tate (AcAc) were higher in animals not treated with glucose. The decrease in the concentrations of ketone bodies during ischemia was probably due to the induced hypotension, since a similar decrease has been observed before in hemorrhagic shock (Engel and Hewson, 1953) .
Local CBF
To establish that CBF in cortex was reduced to similar degrees during ischemia, local CBF (lCBF) was measured autoradiographically (see Methods) after 25 min of ischemia. Even if quantitative evalu ation of the ICBF is difficult at the markedly re duced flow rates during ischemia, all values ob tained for the frontoparietal cortex showed that CBF was reduced to below 5% of normal (see Abdul-Rahman et aI., 1979) . Most important, ICBF was reduced to the same degree in animals not pre treated (n = 2) and animals pretreated (n = 2) with glucose. 
Cortical Energy State During Ischemia
Thirty minutes of incomplete ischemia caused a similar deterioration of the tissue energy state whether animals were pretreated with glucose or not. As shown in Table 3 the tissue was almost to tally depleted of high-energy phosphate compounds (PCr and A TP) with an increase in AMP and, as a consequence, a major fall of the calculated adenyl ate EC. In both groups there were losses of adenine nucleotides, as evident from the fall in the tissue adenine nucleotide pool (I Ad). The difference in
1. Blood glucose concentrations in rats subjected to severe incomplete brain ischemia followed by recirculation.
The animals were deprived of food during 16-24 h and given either 2 ml of Krebs-Hensleit solution (e-e) or 2 ml of a 50% glucose solution (e---e) intravenously before the ischemic period. Means ± SEM.
J Cereb Blood Flow Me/abo/, Vol. I. No. 3, 1981 the measured cortical glucose concentrations be tween the two experimental groups does not mean that the brain tissue glucose concentration was higher in animals pretreated with glucose, since the values in Table 3 are uncorrected for the differences in blood glucose (see Fig. 1 ). Thus, assuming a blood volume of about 3 -4% in the brain during ischemia, the true glucose concentration in the tis sue approaches zero in both groups. The major difference between the ischemic groups was the degree to which lactate accumulated in the tissue. Thus, ischemia in saline-infused animals only caused an increase in cortical lactate concentration to about 15 JLmol g-l as compared to 30-35 JLmol g-l in hyperglycemic animals. Correc tions for blood lactate concentrations do not signifi cantly influence these values. Table 4 shows the tissue energy state as well as the tissue concentrations of glucose, glycogen, lac tate, and pyruvate after 90 min of recirculation fol lowing 30 min of ischemia. There was a marked difference in metabolic recovery between the two experimental groups. Animals receiving no preisch emic glucose infusion showed a markedly better re covery of tissue energy state than hyperglycemic animals.
Recovery of Cortical Energy State
In saline-infused animals there was a consider able resynthesis of high-energy phosphate com- pounds. Thus, PCr concentration normalized and the tissue concentration of A TP increased to 80% of the normal value. The lingering reduction in ATP concentration obviously reflected a decrease in the size of the adenine nucleotide pool 0: Ad). Thus, the calculated EC increased to 98% of the control value, indicating a recovery of the balance between energy production and utilization in the tissue. Re covery of oxidative metabolism was also reflected in the tissue concentrations of glucose, glycogen, pyruvate, and lactate. In contrast, the tissue energy state did not re cover in animals in which production of lactate during ischemia was accentuated by hyperglycemia. In these animals, tissue concentrations of high energy phosphate compounds remained low and the EC was 40% of control, indicating persistent energy failure. The profile of glycolytic metabolites, characterized by increased concentrations of glu cose, pyruvate, and lactate, at an impaired energy state is consistent with grossly impaired oxidative phosphorylation. The deficient resynthesis of glycogen probably reflects the shortage of ATP. We also explored the possibility that failure of recovery could be the result of the postischemic hyperglycemia (see Fig. 1 ). Instead of giving the glucose solution before ischemia, we infused glu cose during the first 10 min of recirculation. This accentuated the postischemic hyperglycemia ( Fig.  4) . As is evident from Table 5 , the postischemic hyperglycemia did not adversely affect metabolic recovery. Thus, the EC normalized already at 30 min of recirculation, and there was a progressive resynthesis of adenine nucleotides as well as of glycogen.
Neurophysiological Recovery
At normal blood pressure, bilateral carotid artery clamping, which lowers the cortical blood flow by Blood glucose concentrations in food-deprived rats subjected to incomplete brain ischemia and given an infu sion (2 ml) of a 50% glucose solution during the initial 10 min of recirculation.
J Cereb Blood Flow Me/abol, Vol. I, No. 3, 1981 40-50% (Eklof and Siesjo, 1973) almost invariably caused an increase of the EEG amplitude with some increase of slow-wave activity and also produced a marked increase of the somatosensory evoked po tential amplitude without any significant shift of la tency (Fig. 5) . Lowering of the blood pressure below 70 mm Hg always extinguished the EEG as well as the evoked response ( Fig. 5:3) .
Following 30 min of ischemia in food-deprived, saline-infused animals, a spontaneous EEG re turned after about 20 min of recirculation ( Fig. 5 , Table 6 ). At the end of the 90-min recovery period, the pattern of EEG was close to normal, whereas the amplitude was somewhat lower than before ischemia was induced. All saline-infused animals showed a reappearance of somatosensory evoked response. However, the amplitudes of the responses were much lower and the latencies were consider ably prolonged as compared with those recorded before the ischemia. Repetitive stimulation produced large responses with a slow onset ( Fig. 5:4 lower  trace) .
In contrast, animals recelvmg glucose before ischemia did not recover any significant EEG activ ity or any responses to sensory stimulation (Fig. 6 , Table 6 ).
Animals which were infused postischemically with glucose all recovered a continuous EEG activ ity. Early latency responses to sensory stimulation were seen in 2 and late responses to repetitive stimulation were seen in 5 of the 6 cases tested. Clearly, neurophysiological recovery was consid- erably better than in the group of animals infused with glucose preischemically. In comparison with animals not receiving any glucose, the amplitude of the postischemic EEG was higher with more 
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\ vr-----"-... ._---FIG. 5. Neurophysiological records from a food-deprived rat (infused with saline) subjected to 30 min of incomplete brain ischemia followed by 90 min of recirculation: 1, before isch emia; 2, after bilateral carotid artery clamping (MABP 170 mm Hg); 3, during severe incomplete ischemia (MABP 50 mm Hg); 4, after 90 min of recirculation. The time lag before onset of EEG activity was 20 min. The EEG and somatosensory evoked responses (SER) were recorded from the same parietal electrode (negativity upwards). The lower SER trace recorded at 90 min of recirculation (4) illustrates the effect of repetitive stimulation of the nose (10 shocks, 500 Hz) on a slow time base. marked slow-wave components, and the restitution of sensory evoked responses was not as good ( Table 6 ).
Reversible Complete Ischemia
The influence of an excessive lactate production during ischemia on postischemic recovery of corti cal energy state was also studied in reversible com plete ischemia. Preischemic substrate concentra tions in the tissue were increased by hyperglycemia alone or combined with hypercapnia (Paco2 100-120 mm Hg). Hypercapnia was used since it increases the glucose concentration ratio between intracellular water and blood (Folbergrova et al. , 1972b) . Blood gas parameters (not shown) were close to controls in the postischemic period. During ischemia the erythrocyte volume fraction de creased to similar values (Table 7) in the different groups, indicating a similar degree of hemodilution, which probably is an effect of some resorption of infused CSF.
In all three groups (normoglycemia, hypogly cemia, hyperglycemia + hypercapnia), there was a similar and total derangement of the cerebral energy state during ischemia. Thus, the tissue was depleted of PCr and A TP, there was a major in crease in AMP concentration, the calculated EC reached minimal values, and there was a loss of adenine nucleotides with a reduction of the pool size. However, tissue lactate concentrations dif- Group II (II = 5) 0/5 0 0/5
Group III
(11 = 6) 2/6 6.5 ± 2.5 255 ± 10 5/6
Fasted animals: I, infused with saline prior to ischemia; II, infused with glucose prior to ischemia; III, infused with glucose during recirculation.
Since the preischemic values were similar they were pooled. Amplitudes of post ischemic EEG and somatosensory evoked responses, as well as the latency to early evoked responses, are given as percentages of the preischemic values (calculated for each respective animal). II, number of animals. Means ± SEM given. fered between the groups. Table 8 gives the lactate concentrations in cortex at the end of the 30-min ischemic period and the cortical energy state after 90 min of recirculation. During the postischemic phase, per increased to values around or slightly above normal, while tissue concentration of ATP increased to values that were still significantly below normal in the three groups. Since resynthesis of adenine nucleotides may be slow, the low A TP val ues during recirculation may at least partly be re lated to the remaining reduction in the adenine nu cleotide pool size (I Ad, Table 8 ). We therefore assume that the calculated adenylate Ee best re flects the tissue energy state, i.e, the balance be-J Cereb Blood Flow Metabol. Vol. I, No. 3, 1981 tween energy production and utilization in the tis sue, during the postischemic phase (see . Most importantly, the Ee normalized upon recirculation only in the animals with tissue lactate concentrations of about 12 /Lmol g-l (normogly cemia) during ischemia, while the Ee remained significantly below normal in animals with ischemic tissue lactate concentrations of about 22 /Lmol g-l (hyperglycemia) and 30 /Lmol g-l (hyperglycemia + hypercapnia) (Table 8 ). Further statistical analysis of the data also shows that the Ee obtained at 90 min of recirculation in the two latter groups was significantly (p < 0.01) below that of the former (normoglycemic) group. 6 . Neurophysiological records from a rat infused with 2 ml of a 50% glucose solution before 30 min of incomplete brain ischemia: 1, before ischemia; 2, after 90 min of recir culation. Neither EEG activity nor somatosensory evoked re sponse (SER) returned. The lower SER trace illustrates the effect (no response) of repetitive stimulation on a slow time base.
DISCUSSION
As stated in the introductory remarks, develop ment of irreversible brain tissue damage in ischemia is not always proportional to the degree of tissue oxygen deficiency. This paradox suggests that fac tors other than the severity of tissue hypoxia may critically affect postischemic recovery. Friede and Van Houten (1961) observed that slices of cat brain, incubated in a glucose medium in the presence of cyanide, developed histopathologi cal alterations concomitant to the fall in pH. Since these changes, and the pH shift, were eliminated by glycolytic blockers, the results indicated that acid metabolites from anaerobic glycolysis were respon sible for the alterations. Recently, Myers and co workers (Myers and Yamaguchi, 1976, 1977;  Values are means ± SEM of 6-8 animals. Myers, 1979) reported that the preischemic nutri tional state of animals subjected to reversible as phyxia and brain ischemia, induced by cardiac ar rest, influenced the final outcome of the insult. They suggested that a high degree of lactate ac cumulation in the tissue seriously impaired recov ery. Results supporting this conclusion were ob tained in experiments in which neurological recov ery, as well as tissue blood flow and metabolism, were measured in animals subjected to manipula tions of the blood glucose concentration (Siem kowicz and Hansen, 1978; Ginsberg et aI., 1980; Welsh et aI. , 1980) . The results of the present study support these suggestions. Thus, the development of irreversible tissue injury during severe incomplete ischemia could be ameliorated by restricting the accumula tion of lactate in the ischemic tissue. Furthermore, the recovery of cerebral energy state following complete ischemia was hampered by an exaggerated lactate production.
One factor that differed between fasted animals subjected to incomplete ischemia with and without preischemic glucose infusion was the blood con- The increase in lactate concentration during ischemia was exaggerated by hyperglycemia and by combining hyperglycemia with hypercapnia before the ischemic period (for details see text). The values are means ± SEM. centration of ketone bodies (see Fig. 3 ). Cerebral energy production can be supported by oxidation of ketone bodies whenever their concentrations in blood are increased (Hawkins et aI., 197 I; Ruder man et aI., 1974) . However, this process is also oxygen-dependent, and since the ischemic de rangement in energy state was similar whether blood concentrations of ketone bodies were high or low, ketone body oxidation cannot explain the bet ter recovery in saline-infused animals. Neither can differences in physiological variables, such as blood pressure, body temperature, or changes in erythro cyte volume fraction, explain the different outcome. Thus, our results show that varying one single pa rameter, namely the increase in tissue lactate con centration, markedly alters the capacity for post ischemic recovery. Since this conclusion offers an explanation to the fact that certain types of incom plete ischemia are more harmful than complete ischemia, we will discuss this aspect before consid ering possible mechanisms by which increased pro duction of lactic acid leads to irreversible damage.
Complete Versus Incomplete Ischemia
A decrease in oxygen availability at the terminus of the electron transport chain induces a redox change with induction of pyridine nucleotides and of flavine adenine nucleotides (Chance et aI., 1962 (Chance et aI., , 1964 . The redox change leads to accumulation of NADH (reduced nicotineamide adenine dinucleo tide), which strongly favors the reduction of pyru vate in the lactate dehydrogenase reaction (E.C. 1.1.1.27) and leads to production of lactic acid. During complete ischemia, the maximal accumula tion of lactate in the tissue is exclusively dependent on the preischemic stores of glucose and glycogen (Ljunggren et aI. , 1974a,b) , while supply of sub strates during incomplete ischemia may lead to a further increase in tissue lactate concentrations (Nordstrom and Siesjo, 1978) .
In normoglycemia, lactate accumulates to about 11-14 /Lmol g-l tissue if the ischemia is complete. Ljunggren et aI. (l974a) induced a short period (5 min) of complete ischemia in hyperglycemic animals. In spite of the fact that the tissue lactate concentrations increased to 20-21 /Lmol g-l during ischemia, recovery of cerebral energy state was un affected. The present results have shown that pro longation of the complete ischemia to 30 min dis closes an adverse effect of the accentuated lactic J Cereb Blood Flow Metabol. Vol. I, No. 3, 1981 acidosis. A further exaggeration of the acidosis by induced hypercapnia in the glucose-infused animals apparently added an additional insult.
During incomplete ischemia, the further ac cumulation of lactate in the tissue will depend on (1) the rate of the residual blood flow, (2) the blood glucose concentrations, and (3) the length of the ischemic period. These variables may be quite dif ferent in different models of ischemia. If incomplete ischemia is severe, as in the present material (CBF below 5% of normal), passive transport of lactate from tissue to blood is probably insignificant (see blood lactate concentrations in Fig. 2) . and the rate of lactate accumulation is grossly proportional to the blood glucose concentration, Severe incomplete ischemia induced by arterial clamping combined with arterial hypotension is accompanied by a vari able increase in blood glucose concentrations (see Table 1 ). This is probably due to differences in the sympatho-adrenal response to hemorrhagic shock, influencing the release of glucose from body stores of glycogen. As the present results show, this in crease in blood glucose concentration is abolished by fasting the animals before the experiment. Obvi ously, a 30-min period of severe incomplete isch emia allows extensive recovery of the tissue energy state and of neurophysiological functions if exces sive lactate accumulation is prevented.
Since earlier studies of severe incomplete isch emia in this laboratory (Nordstrom et aI., 1978b; Rehncrona et aI., 1979a) were performed on nor mally fed rats (N20 anesthesia), we tentatively con clude that the poor postischemic recovery observed was due to excessive lactate concentration during ischemia. Nordstrom et al. (l978b) found that phenobarbital anesthesia afforded protection in se vere incomplete ischemia even though it did not prevent a continuous increase in tissue lactate con centration. However, the phenobarbital anesthesia decreased the rate of lactate accumulation as com pared to N20 anesthesia (Nordstrom and Siesjo, 1978) . Thus, the time needed for a similar increase in tissue lactate concentration was prolonged, Ten tatively, the protective effect of phenobarbital in this situation may be explained by a retardation of lactate accumulation, even if its effect may involve other mechanisms as well (see below).
Two recent studies demonstrate a better recovery following incomplete than following complete brain ischemia. In rabbits, Marshall et aI. (1975a,b) found a better recovery of neurophysiological functions and less morphological damage after 15 min of in complete ischemia than after a similar period of complete ischemia. Since the residual CBF during ischemia in their experiments was 35-40% of nor mal, the theoretical possibility exists that excessive accumulation of lactic acid in the tissue was pre vented by transport of lactate from tissue to blood. However, it may be more important that the tissue lactate concentration in incomplete ischemia did not exceed 20 /Lmol g-l (Marshall et aI. , 1975c) . Steen et al. (1979) , working on fa sted dogs, found that maintenance of a minimal blood flow (below 10% of normal) extended the revival time for neurological function to 10-12 min as compared to 8-9 min if the ischemia was complete. The increase in tissue lactate during ischemia (to about 14 /Lmol g-l) was similar with complete and incomplete ischemia, which may be due to the fact that fasted animals were used.
In conclusion, the impact of severe incomplete ischemia seems critically dependent on glucose de livery to the hypoxic brain cells. The present results indicate that if blood glucose concentrations remain low, and the tissue lactic acidosis is moderate, re covery may be better than following similar periods of complete ischemia. However, if the conditions allow excessive amounts of lactic acid to accumu late in the brain, incomplete ischemia may be more deleterious.
Possible Mechanisms Mediating the
Deleterious Effect of Excessive Lactic Acidosis
Although the results presented closely relate anaerobic lactate production to the development of ischemic brain injury, they cannot establish the exact mechanism(s) or sequence of events that lead to damage. Since production of lactic acid generates hydrogen ions, the most likely mechanism is a de rangement of intracellular pH homeostasis, which may seriously affect many reactions and enzyme systems, the integrity of which is necessary for cel lular viability.
Rats can be exposed to severe hypercapnia (ven tilation with 40-50% CO2) for periods up to at least 45 min without any measurable deterioration of brain energy state (Folbergrova et aI., 1974) , even though this degree of hypercapnia reduces in tracellular pH to about 6.65 (Siesjo et aI., 1972) . Obviously intracellular acidosis must be more se vere to cause damage of the energy-producing ma-chinery. It is also possible that acidosis is detri mental only if it occurs in conjunction with energy failure. Complete brain ischemia induced in nor moglycemic rats results in a similar fall in pH (Ljunggren et aI., 1974b ; see also Thorn and Heit mann, 1954; Crowell and Kaufmann, 1961) . Only if ischemia is combined with a more excessive in crease in tissue lactate concentrations will pH fall to levels around 6.0 or below (Ljunggren et aI., 1974a; Silver, 1977) .
Since the metabolic data were obtained after a 90min postischemic period, i.e., when microscopy disclosed that a significant number of brain capil laries did not remain patent (see part 2, Kalimo et a!. , 1981) , development of inhomogeneous perfusion during recirculation may well have contributed to the end result of extensive damage in "lactic aci dotic brains. " However, as microscopy failed to dis close vascular obstructions in the immediate re circulation phase (part 2, Kalimo et a!., 1981), a primary "no-reflow" phenomenon (Ames et a!., 1968) is an unlikely cause of the damage in the pres ent material. Thus, failure of neurophy . siological and metabolic recovery as well as the extensive morphological alterations (see part 2, Kalimo et a!., 1981) observed at 90 min of recirculation in "lactic acidotic brains" are probably the end result of deleterious biochemical reactions. It seems highly warranted to explore the nature of these reactions further and to seek means of ameliorating the cellu lar damage they cause.
